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Low Excess Noise of Aly.ssGao.15A80.56Sbo.44
Avalanche Photodiode from Pure Electron
Injection

Jonathan Taylor-Mew, Vladimir Shulyak, Benjamin White, Chee Hing Tan, Senior Member, IEEE,
and Jo Shien Ng, Member, IEEE

Abstract— Avalanche photodiodes (APDs) are used in optical
receivers of high-speed optical communication systems to improve
signal-to-noise ratio over conventional photodiodes. Low excess
noise characteristics are crucial for APDs to preserve the benefits
associated with high internal gains. In this work, we presented
room temperature data of avalanche gain and excess noise factors
of AlossGao.15As0.56Sbo.as APDs using pure and mixed carrier
injection profiles. Using pure electron injection, the best possible
excess noise performance for a given avalanche width was
measured with an excess noise factor < 2 for gains up to 25. This is
the lowest excess noise reported for this material system at high
gain. Two other injection profiles with increased portion of
injected holes worsened the excess noise performance, confirming
the need to use pure electron injection for the best possible APD
noise performance. The data reported in this article is available
from the ORDA digital repository
(https://doi.org/10.15131/shef.data.15082455)

Index Terms— Avalanche photodiodes, impact ionization,
excess noise

I. INTRODUCTION

Avalanche Photodiodes (APDs) are widely used in optical
receivers  for  high-speed  optical  fibre-based
communication [1] and free-space ranging [2]. Avalanche gain
(M) from an APD improves the optical receiver’s signal-to-
noise ratio, provided that the APD’s excess noise factor (F) and
dark current remains low. Therefore, the F (M) characteristics is
one of the key performance parameters for APDs. It is well
established that F increases with M and that the rate of increase
is dependent on the material, operating electric field (which
leads to a dependence on the avalanche region width),
temperature and the carrier injection profile.

To achieve low F(M) characteristics, it is desirable to use an
avalanche material with dissimilar impact ionization
coefficients, denoted by a for electrons and S for holes. Also, it
is preferable to inject the carrier type with the larger impact
ionization coefficient into the avalanche region to initiate the
avalanche multiplication process. Thus, experimental
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evaluations of various semiconductor materials and carrier
injection profiles have been reported in the literature to identify
promising avalanche materials for APDs. APDs designed to
detect 1.31 and 1.55 pm wavelengths light adopt a Separate-
Absorption-Multiplication (SAM) structure [3]. In a SAM
APD, a non-avalanching, narrow bandgap material is used for
photon absorption, while a wider bandgap material is used for
avalanche multiplication. Typically, Ings3Gag47As or InGaAsP
(grown lattice-matched to InP substrates) is used for the former.
Hence, research in avalanche materials are often focused on
wide bandgap materials that are lattice-matched to InP
substrates. They include InP itself [4,5], Ings2AlpasAs [6],
AliGajxAsySbiy (with x = 1.0 to 0.80) [7, 8, 9,10], and
AllnAsSb [11]. Of these, AlyssGao.15AS0.565bo.4s (referred to
as AlGaAsSb hereafter) exhibits lower surface leakage current
compared to AlAsgssSboss and excellent F(M) characteristics,
with effective ionization coefficient ratio, k., as low as 0.05 in
APDs with avalanche widths of 87~170 nm [9]. Using mixed
carrier injection, k., ~ 0.01 was recently reported using an
AlGaAsSb APD with 1000 nm avalanche width [10]. Since o >
S in AlGaAsSb, using pure electron injection profile is expected
to further improve the F(M) characteristics, reducing k. value,
as any hole injection will adversely increase F(M). In addition,
F(M) characteristics obtained from pure electron injection can
be directly applied for predicting F(M) characteristics of SAM
APDs, which would have pure electron injections into the
AlGaAsSb avalanche layer. In this work, we present
experimental room temperature (RT) F(M) characteristics using
pure electron injection and a 600 nm AlGaAsSb device p-i-n
diode. We also present the detrimental effects of mixed
injection on F(M) using two mixed injection profiles.

II. EXPERIMENTAL DETAILS

The AlGaAsSb p-i-n diode wafer was grown using Molecular
Beam Epitaxy on a semi-insulating InP substrate. X-ray
diffraction was used to confirm the composition of the
AlGaAsSb layers. The wafer structure is summarized in Table
1. The p-, i-, and n- AlGaAsSb layers are sandwiched between
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Table 1. Wafer structure

Material Doping Doping Density Depth

Type (cm™) (nm)

Ing.53Gag47As p* 2 x 10" 50

Al gsGag.15A80565b0.44 p 1x10" 300

Al 35Gag.15A80.565b0.44 i - 600

Al 35Gag.15A80.565b0.44 n 1x10"% 200

Ino_53Ga0_47As n* 2 x 1019 500
InP Substrate

p*-Ing53Gag47As and n*-Ings3Gag47As layers, which facilitate
ohmic contacts. Circular mesa devices were fabricated from
wafer pieces using standard photolithography and wet chemical
etching with two etchants. The first etchant was a solution of
Sulfuric acid (H2SOs4): Hydrogen peroxide (H,O,): de-ionized
water with a ratio of 1:8:80 to remove the top InGaAs layer.
This was followed by a solution of Hydrochloric acid (HCl):
Hydrogen peroxide (H»O,): di-ionized water with a ratio of
5:1:60 to etch the AlIGaAsSb layers. There were four different
sizes, with device radius of 210, 110, 60 and 35 pm. Metal
contacts were formed by evaporating Ti/Au (20/200nm) on top
of the devices (for p-contact) and on the n*-InGaAs layer (for
n-contact). The devices were passivated using silicon nitride,
before a layer of Ti/Au was deposited as an optical mask. This
prevented undesirable injection of incoming illumination to the
sides of the devices during avalanche gain and excess noise
measurements.

F(M) measurements were carried out at room temperature
using a setup reported in [12], which was calibrated with a Si p-
i-n photodiode along with the light sources used. The device-
under-test (DUT) was illuminated by a continuous-wave light
source modulated by a mechanical chopper. This combination
produced modulated photocurrent in the DUT, which was under
reverse bias, V, facilitating phase-sensitive M(V) and F(M)
measurements. A transimpedance amplifier converted the
modulated photocurrent into modulated voltage, providing
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Fig. 1. (a) Mean dark current-voltage data with standard deviations of
210, 110 and 60 pum radii diodes at room temperature. (b) Mean
capacitance-voltage for 210, 110 and 60 um radii diodes.
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Fig. 2. Example data of dark current and photocurrent (left axis) as well as
deduced gain (right axis), obtained from a 210 pm radius device under 420
nm wavelength illumination at room temperature.

avalanche gain data. Small increase in collection efficiency of
photo-generated carriers as function of V was taken into account
(using linear baseline correction) when extracting M(V). For
noise data, the modulated photocurrent went through a
bandpass filter (centred at 10 MHz) before being fed to a power
meter, producing noise power. The data processing took into
account the setup’s noise and its dependence on the DUT’s
capacitance (reference measurement with Si p-i-n diode)

The main F(M) data were obtained using a LED with centre
emission wavelength of 420 nm as the light source. This
wavelength choice ensured pure electron injection (as in [9]),
with > 99.99% of the incoming light absorbed by the point of
the p-AlGaAsSb/i-AlGaAsSb junction. The estimate was
obtained using Beer-Lambert’s Law and absorption coefficients
(6.4x10° cm™ for Ings3Gags7As [13] and 3.0x10° cm™ for
AlGaAsSb [9]). Additional measurements were taken using He-
Ne laser emitting at wavelengths of 543 and 633 nm. The
percentage of light absorbed by the point of the p-AlGaAsb/i-
AlGaAsSb junction is 93.5 and 69.5 %, resulting in mixed
carrier injections (ie more holes are injected compared to the
pure electron injection condition).
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Fig. 3. Avalanche gain versus reverse bias data (mean and standard

deviation) obtained using 420, 543 and 633 nm wavelength

illumination.
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Fig. 4. Excess noise factor versus avalanche gain data (mean and standard
deviations) obtained using 420, 543 and 633 nm wavelength illumination.
Data from ref [10] (symbol) and McIntyre’s local model [16] for fixed &
value (0 to 0.1 in step of 0.02, grey lines) are included for comparison.

III. RESULTS AND DISCUSSION

Reverse dark Current — Voltage characteristics at room
temperature were obtained from 4 - 6 devices for each size, the
data are presented as mean values and standard deviations in
Fig. 1(a). All data exhibit an abrupt increase in dark current at
~-37 V. Dark current densities from different sized devices (not
shown here) disagree, indicating that the surface-related dark
current mechanism(s) dominate.

Capacitance — Voltage (C-V) measurements of the different-
sized devices are shown in Fig. 1(b). Using 3-region C-V
fitting, assuming a constant doping in each of the p-, i-, and n
layers and a dielectric constant of 11.41 [8], we found the i-
AlGaAsSb region width was ~608 nm with a background
doping of 5 x10'> cm™. C-V data were also used to extract noise
power from raw noise measurement data.

Example data of photocurrent and dark current from a
210 um radius device are shown in Fig. 2. Although the
photocurrent is several orders higher than dark current at low
biases, the difference reduces as V increases. Hence phase-
sensitive measurements are essential in obtaining accurate M(V)
and F(M) data. The M(V) and F(M) characteristics at room
temperature were obtained from 5 — 15 devices of various sizes.

M(V) data obtained using different wavelengths are
compared in Fig. 3. For a given reverse bias, avalanche gain
decreases as wavelength increases which is expected as more
holes are injected into the avalanche region and a >> f in this
material [10]. Data of inverse gain (right axis) confirm
avalanche breakdown voltage as -37.2 V.

The corresponding F(M) data are shown in Fig. 4, along with
lines of F(M) based on the McIntyre model [16] for effective k
values. Pure electron injection using 420 nm light produced the
lowest F(M) data. As wavelength of light increases, there is a
monotonic, significant increase in F for a given M, indicating
the significant impact that carrier injection profile has on the
noise performance in AlGaAsSb. This is significant as the F(M)
data are lower than those of [10] (a 1000 nm AlGaAsSb pin
diode), confirming the need of using pure electron injection for
best excess noise performance. Again, this is consistent with
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Fig. 5. Comparison of excess noise factors at avalanche gain of
10 for this work, AIGaAsSb [9,10], AlAsSb [7,14], AlinAsSb [11],
InAlAs [6], InP [5] and Si [15].

o >> f since excess noise is highly sensitive to changes in
carrier injection profile. In Fig. 4, the data set with larger mean
F values have larger standard deviations, consistent with the
data reported in [9]. This may be due to a combination of greater
optical power fluctuation of the light source and/or fewer
devices in the data set. In Fig. 4 our data shows ks < O for M <
25. This may be due to a combination of a >> f and the effects
of carriers’ deadspace.

The excess noise factor at M = 10 from this work is compared
with earlier reports on AlGaAsSb APDs (refs [9] and [10]) in
Fig. 5. Other avalanche materials, such as AlAsSb [7, 14],
AllnAsSb [11], InAlAs [6], InP [5], and Si [15], are also
included. The excess noise performance due to pure electron
injection from this work is considerably better than all the other
results.

IV. CONCLUSION

Using a pure electron injection condition, room temperature
avalanche gain and excess noise factor were measured on an
AlGaAsSb p-i-n with 600 nm i-region width. At avalanche
gains of 10 and 20, the excess noise factors are 1.27 and 1.74,
much lower than previous reports on the same material as well
as those on relevant avalanche materials. The importance of
using pure electron injection is confirmed by degraded excess
noise performance when mixed carrier injections (longer
wavelengths) were used and demonstrates the potential for a
new generation of extremely low noise SAM APDs operating
at 1.31 and 1.55 pum wavelengths.
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